• Question: Is cerebral small or large vessel vascular disease, a prevalent condition in elderly patients, associated with impaired cerebral blood flow autoregulation during cardiopulmonary bypass? • Finding: We found stenosis of large cerebral arteries in 25% of patients, and brain magnetic resonance imaging detected white matter hyperintensities, an indicator of stenosis of small cerebral arterioles, in 35% of patients having brain magnetic resonance imaging. White matter hyperintensities, but not large cerebral arterial disease, were associated with impaired cerebral autoregulation.
C linically asymptomatic strokes detected with brain imaging are prevalent in the elderly affecting over 25% of individuals ≥80 years of age. 1, 2 Many of these strokes result from cerebral vascular disease manifest as stenosis of major cerebral arteries and/or as narrowing of small, penetrating arteries. The former is termed "large vessel disease" detected with various arterial imaging methods including catheter cerebral angiography, magnetic resonance angiography, or computed tomography angiography. In contrast, "small vessel disease" is indicated as white matter hyperintensities (WMHI) detected with conventional brain magnetic resonance imaging (MRI). 3, 4 Several investigations have shown that WMHI are prevalent in patients undergoing cardiac surgery and that they are associated with postoperative stroke, delirium, and cognitive dysfunction. [5] [6] [7] [8] [9] The mechanism for the relationship between cerebral vascular disease and neurological complications after cardiac surgery is not entirely clear, but, in many cases, injury may result from cerebral hypoperfusion during cardiopulmonary bypass (CPB). 10, 11 Our group has found that approximately 20% of patients undergoing cardiac surgery have impaired cerebral blood flow (CBF) blood pressure autoregulation during CPB. 12, 13 In this situation, CBF is pressure-passive predisposing to cerebral hypoperfusion or hyperperfusion with low and high blood pressure, respectively. We have found a relationship between excursions of mean arterial pressure (MAP) outside the CBF autoregulation range during CPB to be associated with stroke, postoperative delirium, and organ injury. [13] [14] [15] [16] [17] Given that WMHI are believed to result from atherosclerotic narrowing of penetrating arteries supplying subcortical and periventricular brain areas, it is plausible that perioperative neurological events in affected patients might be explained by impaired CBF. 1, 3, 4 Impaired autoregulation may further result from large vessel cerebral arterial stenosis. 13, 18 Cerebral vascular disease is an important cause of stroke and cognitive decline in the general population, thus, identifying affected individuals is of high public health priority to institute secondary stroke preventative strategies. 1, 3, 4 Because brain imaging is not routinely performed before cardiac surgery, identifying surrogates of cerebral large and/or small arterial disease might provide perioperative physicians the opportunity for postoperative secondary prevention measures. The purpose of this study was to evaluate whether there is a relationship between cerebral large or small vessel disease and impaired CBF autoregulation during CPB. We hypothesize that patients with large cerebral artery and/or WMHI would have a higher prevalence of impaired CBF autoregulation during CPB. This retrospective cohort analysis involves data collected from that study. We have previously reported on outcomes from this patient group but have not previously evaluated cerebral vascular disease data in relation to autoregulation metrics. [15] [16] [17] 19, 20 The study received the approval of the institutional review board of The Johns Hopkins Medical Institutions and all patients provided written informed consent. The clinical trial was registered at clinicaltrials.gov before patient enrollment (NCT00981474; Principal Investigator, Charles W. Hogue, MD; Registered September 22, 2009).
METHODS

Preoperative Transcranial Doppler Evaluation
The patients underwent preoperative transcranial Doppler (TCD) examination by a trained vascular technologist 1-2 days before surgery. This occurred during their preoperative evaluation visit or on the hospital ward when the patients were admitted to the hospital before surgery. The primary aim of this examination was to confirm the presence of at least 1 transtemporal window for TCD monitoring of the middle cerebral artery during subsequent surgery. In compliance with institutional regulations, complete evaluation of cerebral hemodynamics of all major cerebral arteries is performed to assess for significant stenosis of the major cerebral arteries regardless if TCD is performed for research or clinical indications. For the present study, "large vessel" cerebral vascular disease was defined by the presence of characteristic TCD changes associated with stenosis of the major cerebral arteries. A short focal arterial stenosis produces an increase in maximal flow velocity (MFV); a reduced velocity can be observed in the presence of a long arterial narrowing or multiple distal stenoses. 18, 21 Maximum flow velocities was obtained from the major arteries of the circle of Willis with a 4-second spectral Doppler data acquisition sweep. For the middle cerebral and the vertebral/ basilar arteries, MFV was classified as normal when 46-70 cm/s. For the middle cerebral arteries, MFV was classified as consistent, with a moderate (>50%) or severe stenosis (>70%) when >100 or >120 cm/s, respectively. For the vertebral/basilar arteries, MFV was classified as consistent, with a moderate or severe stenosis when >80 or >110 cm/s, respectively. 22 The pulsatility index was determined to obtain information about impedance to blood flow. 23 A decrease in the pulsatility index of the middle cerebral artery can result from stenosis or occlusion of the internal carotid artery. An increase in pulsatility index can result from increased resistance distal to the site of insonation as caused by distal arterial stenosis. 22, 24 Pulsatility index was calculated as: peak systolic velocity − end diastolic velocity/MFV. Normal pulsatility index ranges from 0.6 to 1.1, while values ≥1.2 indicate increased distal resistance. 22 The accuracy of TCD for detecting intracranial arterial stenosis compared with computed tomography angiography is reported to be 89.5% (95% confidence interval [CI], 84.5%-94.4%). 22 
Hemodynamic Management and Anesthesia
General anesthesia was with midazolam, fentanyl, and isoflurane, and vecuronium or rocuronium was given for skeletal muscle relaxation. Heparin was administered to achieve . MAP was monitored from a radial artery catheter. The patients were managed with α-stat pH management. Continuous inline arterial blood gas monitoring was performed and calibrated hourly against arterial blood gas results. The patients were separated from CPB using institutional standard of care which includes administration of protamine when the patient was deemed stable.
Transcranial Doppler-Based Autoregulation Monitoring
Intraoperative TCD monitoring (DWL, Compumedics DWL, El Paso, TX) of the right and left middle cerebral arteries was initiated after the patients were anesthetized and their trachea intubated. This was performed by positioning two 2.5-MHz transducers fitted on a headband over the temporal bone. Depth of insonation was varied between 35 and 52 mm until representative spectral CBF flow was identified. Analog arterial pressure and TCD signals from the operating room hemodynamic monitor were processed with a data acquisition module (DT9800, Data Translation Inc, Marlboro, MA) and then analyzed by ICM+ software (University of Cambridge, Cambridge, United Kingdom) as described previously. 12, 13, 25 These signals were filtered as nonoverlapping 10-second mean values that were timeintegrated, which is equivalent to having a moving average filter with a 10-second time window and resampling at 0.1 Hz, eliminating high-frequency components caused by respiration and pulse waveforms. Further high-pass filtering was applied with a DC cutoff set at 0.003 Hz. A continuous, moving Pearson correlation coefficient between changes in MAP and mean middle cerebral artery blood flow velocity was calculated to render the variable mean velocity index (Mx). Consecutive, average Mx values within a 10-second window were collected as 30 data points to monitor each Mx in a 300-second window. Mx approaches 1 when MAP is outside the limits of autoregulation, indicating pressurepassive CBF. In contrast, Mx approaches 0 or is negative when MAP is within the CBF autoregulation range. Average Mx values obtained during CPB were placed in 5 mm Hg MAP bins. Impaired CBF autoregulation was defined as an Mx ≥0.4 at all recorded MAPs. 13 
Magnetic Resonance Imaging
Brain MRI was performed between postoperative days 3 and 5. Brain imaging was not performed in patients who refused, who had retained temporary cardiac pace-making leads, when the research MRI scanner was not available, or when the patient was not deemed stable by the clinical team for transport to the MRI facility. The postoperative MRI scans were obtained as part of the parent study protocol to evaluate for diffusion-weighted injury patterns. The imaging sequences included oblique axial diffusion coefficient maps, T2, fluid-attenuated inversion recovery (FLAIR), and 3-dimensional spoiled gradientecho (which allows 3-dimensional reconstruction) scans. These data were acquired on a Philips 3T MRI instrument (Philips Healthcare, Andover, MA). 26 Each MRI image was registered (first registering the corresponding spoiled gradient-echo scans) to a spatial standard, a digital form of the Montreal Neurological Institute atlas, using local registration methods or image warping, in which each voxel is individually displaced. 27 This technique results in better registration to an atlas than do global methods. 28 Registered images were read by a neurologist blinded to the patients' preoperative TCD and intraoperative autoregulation data. WMHI were graded on a 0-9 scale by comparison to reference images as previously developed and validated for the Cardiovascular Health Study. 29, 30 This scale accounts for a successive increase in the severity of WMHI from virtually absent (grade 0) to confluent periventricular WMHI (grade 9). All WMHI scores were assigned by a board-certified vascular neurologist (R.F.) who was blinded to the patients' clinical and physiological data. "Small vessel" cerebral vascular disease was defined as a score ≥3.0.
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Data Analysis
This preoperative TCD portion of the protocol was stopped on November 14, 2014 due to logistic issues in obtaining timely examinations by the trained vascular technologist during the outpatient preoperative evaluation session when other testing was performed. The sample size of this study represents enrolled patients in whom TCD evaluation of the major cerebral arteries was performed. The present study was not an originally planned analysis of the prospectively performed study and, thus, is exploratory. Thus, a formal sample size calculation was not a performed for this aspect of the clinical trial.
Continuous variables were compared between groups using t test or Wilcoxon rank-sum test. Categorical variables were analyzed by χ 2 or Fisher exact test. All tests were run at a 0.05 level of significance. Logistic regression model was used to estimate the relationship between the probability of impaired autoregulation and large vessel cerebral vascular disease and separately for WMHI after adjustment for potential confounders. Variables chosen for the model are those that differed between patient with and without impaired cerebral autoregulation. Other variables included in each separate model were those variables that differed between each form of cerebral vascular disease (P < .05). All analyses were performed with Stata (Version 14.1, Stata Corp, College Station, TX).
RESULTS
Cerebral autoregulation data were not available from 3 of 349 patients. Characteristics and operative data for the remaining 346 patients comprising the study cohort are shown in Table 1 . A study flow diagram is shown in Figure 1 . Patient data in Table 1 are further divided for patients with versus those without large vessel cerebral vascular disease and for those with and without WMHI.
Preoperative TCD examination of major cerebral arteries was performed in 282 of 346 patients. Usable TCD data were available, however, in only 266 patients. Thus, the evaluation of large vessel cerebral vascular disease is limited to the latter cohort. Of those patients, moderate-severe arterial stenosis of any major cerebral artery was detected in 67 (25.2%) of 266 patients. The majority of this disease was observed in the middle cerebral arteries (52 [19.5%] .063 12.1 ± 1.5
.077
Preoperative systolic blood pressure (mm Hg), mean ± SD www.anesthesia-analgesia.org
ANESTHESIA & ANALGESIA
Small Vessel Disease and Impaired Autoregulation associated with large cerebral arterial disease included prior carotid endarterectomy (P = .009), peripheral vascular disease (P = .017), preoperative treatment with an angiotensin-converting enzyme inhibitor (P = .039) or β blocker (P = .026), and preoperative serum creatinine level (P = .042), Brain MRI data were available from 119 of 346 patients. Small vessel disease was detected in 42 (35.3%) of these patients. The frequency of the MRI flair score used for determining the presence of WMHI is shown in Figure 2 Of 86 patients with available TCD data and brain MRI scans, 13 (15.1%) had moderate-severe arterial stenosis of a cerebral artery, 26 (30.2%) had WMHI, and 4 (4.6%) had both moderate-severe arterial stenosis of a cerebral artery and WMHI. In this group of 86 patients, 21 (24.4%) had impaired CBF autoregulation. This was observed in 30 (34.9%) with WMHI and 17 (19.8%) with large vessel disease. Variable associated with WMHI included patient age (P = .004) and average Paco 2 during CPB (P = .021).
Impaired CBF autoregulation was observed during CPB in 112 of 346 (32.4%) patients. Patient demographic and medical information for these patients are shown in Table 2 . Compared with patients with functional autoregulation, Brain magnetic resonance imaging results showing the percent of patients on the y-axis and the flair score on the x-axis. White matter hyperintensities were graded by a neuroradiologist blinded to other patient data based on the flair score using a scale from 0 to 9 (see Methods section). White matter hyperintensities were defined as flair score ≥3.
29,30
those with impaired autoregulation were more likely to be male (P = .012), have a shorter duration of CPB (P = .014), have lower average pH (P = .012), and have a higher average and minimum body temperature (P = .005). The patients with impaired autoregulation had a higher lower limit of autoregulation than patients with functional autoregulation (P < .001).
Of the 67 patients with moderate-severe large vessel disease, 26 (38.8%) had impaired autoregulation during CPB. Variables associated with impaired autoregulation for patients with preoperative TCD assessment of the major cerebral arteries are shown in Table 3 . In the adjusted model, female sex was associated with a lower odds for impaired autoregulation during CPB (odds ratio, 0.46; 95% CI, 0.25-0.86; P = .014), while higher average temperature during CPB was associated with a higher risk for impaired autoregulation (odds ratio, 1.23; 95% CI, 1.02-1.47; P = .029). Moderate-severe large cerebral arterial stenosis was not associated with impaired autoregulation during CPB in the adjusted model (P = .406).
Impaired autoregulation occurred in 15 (35.7%) of 42 patients with small vessel cerebral vascular disease. Variables that were associated with impaired CBF autoregulation during CPB for patients with MRI based on adjusted analysis are listed in Table 4 . The presence of small vessel cerebral vascular disease was associated with a 3.2-fold higher odds (95% CI, 1.21-8.71; P = .019) of impaired CBF autoregulation during CPB after adjustment for age, history of peripheral vascular disease, preoperative hemoglobin level, and preoperative treatment with calcium channel blocking drugs. A higher proportion of patients in the impaired CBF autoregulation group had missing MRI data than in the functional CBF autoregulation group (74% vs 62%). Patient and procedural variables listed in Table 2 were evaluated between patients with and without brain MRIs. Factors associated with missing MRI data were history of hypertension (P = .067), preoperative treatment with angiotensin-converting enzyme treatment (P = .073), nitrates (P = .044), β-adrenergic receptor blockers (P = .045), and/or diuretics (P = .013).
DISCUSSION
In this study, we observed moderate-severe arterial stenosis of any major cerebral artery in 25.2% of patients. Cerebral small artery stenosis was observed in 35.3% of patients in whom brain MRI data were available. There was no significant relationship between large vessel disease of the major cerebral arteries and impaired autoregulation during CPB. Our results demonstrate that patients with small vessel cerebral vascular disease are more likely than those without this condition to have impaired CBF autoregulation during CPB. In adjusted analysis, the presence of small vessel cerebral vascular disease was associated with a 3.2-fold higher odds of impaired CBF autoregulation.
Approximately 8%-10% of the 900,000 strokes or transient ischemic attacks in the United States each year are due to intracranial arterial stenosis. 1, 32 The risk of recurrent strokes in this population is estimated to be 23% at 1 year. 1, 32 Identifying stroke subtype is advocated as a means to allow for a disease-specific treatment strategy. 1, 33 The latter should include adherence to the American Heart Association/ American Stroke Association guidelines for the prevention of stroke (eg, blood pressure control, statin therapy, use of aspirin when indicated, anticoagulation for atrial fibrillation, revascularization of carotid artery stenosis, etc). 1 The relationship between stenosis of major cerebral arteries and neurological complications after cardiac surgery is not well defined. Lee et al 9 performed magnetic resonance angiography on 1367 Korean patients before CABG surgery. Nearly one-half of the 33 (45%) strokes early after surgery were judged as due to narrowing of large cerebral arteries. The nonsignificant relationship between moderate-severe large cerebral artery stenosis and impaired CBF autoregulation that we observed in this study might reflect collateral blood supply overcoming upstream obstruction to perfusion.
Cerebral small vessel disease manifest as WMHI is more common than large vessel disease particularly in elderly patients. 1 The latter lesions result from demyelination, axonal loss, and microinfarction due mostly to chronic ischemia. 3, 4 WMHI are detected in 11%-21% of individuals >60 years of age but in up to 94% of individuals >80 years of age. 1, 3, 4 Several investigations have linked WMHI with risk for stroke, postoperative cognitive decline, and delirium after cardiac surgery. [5] [6] [7] [8] 34 Survival rate and stroke-free survival after a mean follow-up of 6 ± 4.3 years was lower in the patients with preexisting cerebral disease (P < .0001). 8 Perfusion to cerebral white matter is via penetrating arteries that have poor collateral blood supply and thus are susceptible to hypotension. 3, 4 Our finding that cerebral small vessel disease is associated with impaired CBF autoregulation is, thus, not surprising. Thus, monitoring of CBF autoregulation during surgery might provide an approach for individualizing MAP targets to ensure perfusion to avoid ischemic brain injury.
We observed that male sex was associated with impaired CBF autoregulation. These results are somewhat surprising insofar as most women were elderly and postmenopausal and thus lacked the vascular protective effects of estrogens. 35 We are unable to explain this observation other a failure to consider an unknown residual confounding variable in our analysis. Patients with impaired autoregulation were also observed to have lower average pH during CPB and higher average temperature. Lower pH would conceivably lead to cerebral arterial dilation, but this is unlikely to explain impaired autoregulation insofar as pH remained within normal limits during CPB. Furthermore, continuous monitoring of arterial pH and Paco 2 was performed during surgery and adjustments to CPB flow and membrane oxygenator air/oxygen flow were made accordingly. We have previously noted that the rewarming phase of CPB is associated with a higher frequency of impaired autoregulation. 12 Our findings of higher average temperature during CPB in patients with impaired autoregulation compared with those with functional autoregulation, thus, is consistent with our previous findings. One might speculate that more aggressive patient rewarming could lead to higher cerebral temperature and cerebral vessel vasodilation contributing to our observations. Our findings, thus, further underscore the importance of temperature management for optimizing brain protection during surgery. 36 Our study has several limitations, particularly the likely lack of power to accurately ascertain any relationship between large cerebral artery stenosis and impaired CBF autoregulation. The sample size of this study was limited by the availability of a complete TCD examination by a vascular technologist. Despite this weakness, there are limited data from previous investigations that have provided an extensive TCD evaluation for major cerebral artery stenosis. The rate of moderate-severe intracranial stenosis in this cohort compared to that observed in primarily Asian populations (35.8% vs 13%-17%) might be explained in part by our enrollment of patients with higher risk for neurological complications and perhaps the different methodology. 37 Brain MRI data were available in only 119 patients, and the imaging was performed after surgery. As stated, WMHI primarily result from the effects of chronic brain ischemia leading to demyelination and microinfarction.
3,4 Acute brain ischemic injury during surgery is unlikely to contribute significantly to new WMHI in the short time frame that our postoperative brain imaging was performed. Thus, we assume that WMHI primarily represent preexisting brain ischemic injury from small cerebral vascular disease. Brain imaging is a challenging study end point in the immediate period after cardiac surgery, and reasons for not obtaining an MRI are listed in the Results section. Nonetheless, it is possible that failure to obtain MRI data may have led to unintended bias that may have reduced or increased the strength of the relationship between WMHI and impaired CBF autoregulation.
There is great interest in developing strategies for reducing the frequency of neurological complications of cardiac surgery given their relationship with other morbidity, mortality, and health care costs. 36 For the most part, these strategies have focused on the perioperative period. Many individuals, however, are vulnerable to stroke, cognitive decline, and stroke-related disability and mortality after hospital discharge from an index cardiac surgical procedure. 38, 39 Thus, a comprehensive strategy for improving neurological outcomes for patients undergoing cardiac surgery should include the perioperative period and care after hospital discharge. Our results suggest that monitoring of CBF autoregulation during surgery holds promise in achieving both aims by allowing for individualization of MAP targets during and after surgery but also potentially by identifying individuals at high risk for small vessel vascular disease whom may benefit for secondary stroke prevention therapies. Nonetheless, this potential remains speculative and will require future investigations to fully address. E DISCLOSURES Name: Yohei Nomura, MD.
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